Three-dimensional graphene (3DG) samples were prepared using template-free solventthermal synthesis route with graphene oxide (GO) as a precursor. With the GO concentration (C GO ) increasing gradually from 4 mg/mL to 10 mg/mL, the morphology of the 3DG evolves from nanoparticle to 3DG monolith material. The 3DG bulk is obtained when the C GO increased to 8 mg/mL and 10 mg/mL. Absorption tests of various liquids have been performed, indicating ome outstanding features of 3DG efficient and quick absorption of oils and organic solvents.
Introduction
Adsorption is commonly considered to be a fast and relatively cost-effective technology for water treatment [1] . It normally occurs via both physical and chemical pathways, like activated carbon, which offers the advantage of its porous structure and surface-modified functionalities. Similarly, graphene, consisting of 2D hexagonal lattices of sp2 carbon atoms covalently bonded, has been theorized to have a huge specific surface area (over 2600 m 2 g −1 ). On the other hand, the applications of graphene-based materials in energy, environment, sensing and biological fields often need assembling 2D graphene sheets into 3D architectures [2] [3] [4] [5] . The 3D structures would provide graphene materials with high specific surface areas, strong mechanically strengths and fast mass and electron transport kinetics due to the combination of 3D porous structure and the excellent intrinsic properties of graphene. The rationally designed macroscopic architectures may offer additional fundamental scientific opportunities, such as the collective optical, electronic, and mechanical properties.
In the past few years, 3DG quickly drew extensive research interest, especially in environmental treatment [6, 7] . This graphene-based monolith usually has a low-density porous structure which allows diffusion of ions and molecules throughout. More importantly, compared to graphene, 3DG can effectively avoid layer-layer aggregation and retain the large specific surface, not to mention the convenience it brought to separation and recycling processes. Increasing studies have shown the good adsorption capability of 3DG for pollutants such as heavy metal ions, organic solvents and dyes. For wider applications of 3DG in environmental treatment, a feasible synthetic method appropriate for adsorption is needed.
So far, two synthetic methods of 3DG have been developed-template growth and free-standing. The template growth method utilizes chemical vapor deposition (CVD) to grow graphene structures directly on the sacrificed template, which requires precise control of temperature and atmosphere. In comparison, self-assembly, one of freestanding method, is attracting more attention for its ease of operation. Herein, we would like to use the self-assembly method to make graphene sheets into 3D macroscopic structures, and its adsorption ability for heavy oil would be discussed.
Experimental Section

Materials
All chemicals were reagent-grade and used without further purification. Graphite, Sulfuric acid (H 2 SO 4 ), hydrochloric acid (HCl), hydrogen peroxide (H 2 O 2 ), potassium permanganate (KMnO 4 ), and sodium nitrate (NaNO 3 ) were purchased from Sinopharm Chemical Reagent Co., Ltd., of China. The soybean was from supermarket, and the engie oil and diesel oil were purchased from China petroleum and gas station. All solutions were prepared using deionized (DI) water.
Preparation of self-assembled 3D Graphene
Graphene oxide (GO) was prepared by the improved Hummer method. A 30 mL portion of 4, 6, 8 or 10 mg/mL homogeneous GO aqueous dispersion was sealed in a 50 mL Teflon-lined autoclave and maintained at 150～200 °C for 12 h. Then the autoclave was naturally cooled to room temperature and the as-prepared samples were taken out with a tweezer and blotted with a filter paper to remove surface adsorbed water. The 3DG samples were dried in a freeze dryer, with an initial shelf temperature of 25 °C and a condenser temperature of −80 °C, and an ultimate 5 μbar vacuum was applied to sublime the icefreeze-dried samples.
Adsorption Procedure
Adsorption experiments were performed at room temperature. Absorption of soybean oil in 3DG at intervals of 1 min. 2 mL heavy oil floating on water, the dosage of 3DG macrostructure was 30 mg for each adsorption experiment. We use activated carbon (AC) for comparison study. The efficiency of oil absorption can be referred to as weight gain, i.e., wt%, defined as the weight of absorbed oil per unit weight of 3DG.
Results and Discussion
The typical 3DG can be easily prepared by heating 8 mg/mL of homogeneous graphene oxide (GO) aqueous dispersion sealed in a Teflon-lined autoclave at 180 °C for 12 h (Fig. 1a) . The as-prepared 3DG with a diameter around 1.5 cm and 3.2 cm high (Fig. 1b) . The 3DG has a well-defined and interconnected 3D porous network as imaged by scanning electron microscopy (SEM) (Fig.1c) . The pore sizes of the network are in the range of sub-micrometer to several micrometers and the pore walls consist of thin layers of stacked graphene sheets. The partial overlapping or coalescing of flexible graphene sheets resulted in the formation of physical cross-linking sites of the framework of the 3DG (Fig. 1c) . Thus, the inherent flexibility of graphene sheets is a crucial property for constructing the 3D macrostructures. (c) SEM images of the 3DG interior microstructures Fig. 2 compares the XRD patterns of GO, 3DG, and graphite. For GO, a prominent peak of (001) faces exists at 10.99°, corresponding to an interlayer space of 8.05 Å. This peak disappears in the XRD pattern of 3DG, and a broad peak appears instead near the (002) peak of graphite at around 25°, which corresponds to a decreased interlayer space of 3.26 Å. This might be due to the π−π stacking of graphene sheets during the 3DG assembly. Also, the broadness of the peak indicates a disordered orientation of graphene sheets in 3DG, which agrees the SEM results. In Fig.3 , all Raman spectrum show the existence of the G band and D band, which are E2g vibrational mode in plane and A1g breathing mode, respectively. The binding of GO to GO sheets was confirmed by Raman spectroscopy. The tangential G Raman band of the GO sheets in 3DG (1589 cm -1 ) was found to be blue-shifted for about 15 cm -1 compared with those of pure GO and a graphite (1586 cm -1 , Fig. 3 ). This phenomenon can be attributed to the strong interaction between the graphene layers in 3DG [8] . Fig.4 illustrated the GO concentration (C GO ) depended properties of the 3DG. When C GO was low 4 mg/mL, only a black powdery material was produced after 12 h hydrothermal reduction. As C GO was increased to 6 mg/mL, mechanically stable 3DG samples were obtained. However, the size and strength of the former 3DG are not structurally stable. With the hand gently knead, it will be broken up. But when the C GO was increased to 8 or 10 mg/mL, the mechanically stable properties of 3DG are more stable than sample obtained at the C GO of 6 mg/mL. Before reduction, the GO sheets were randomly dispersed in water and in extended states, due to their strong hydrophilicity and electrostatic repulsion effect [9] . When GO sheets were hydrothermally reduced, they became regionally hydrophobic, due to their restored conjugated domains and diminished oxygenated functionalities as confirmed by the XRD results (Fig.2) . The combination of hydrophobic and interactions caused a 3D random stacking between flexible graphene sheets. If C GO was sufficiently high, the cross linking through partial overlapping of the flexible graphene sheets occurred timely and finally enough cross-linking sites were generated for forming a 3D network with pore sizes ranging from sub-micrometer to several micrometers (Fig. 1c ). The progress of absorption is shown in a series of photos in Fig. 5 Photographs were taken every 1 min. In this series 2 ml soybean oil (stained with Congo red) was absorbed by 3DG block in 3 min, 3DG appears as a dark sponge with the mass of 30 mg. The density of 3DG was calculated to be 13 ± 3 mg · cm − 3 , which is comparable to or slightly lower than expanded graphite (EG) [10] . Conventional materials (especially EG) are stored in apertured containers (e.g. apertured plastic bags) before use; in contrast, 3DG can be molded into any shape, thus it could be placed directly in polluted areas and dredged intact afterward, making its recovery much simpler [11] . Aother classes of organic liquids were evaluated in this study, e.g., commercial petroleum products engine oil and diesel oil with different carbon chain lengths, which are crucial components of crude oil. 3DG showed excellent absorption of these liquids ( Fig. 6a ). In general, 3DG could absorb the liquids at 20 to 56 times of its own weight. Its absorption efficiency is much higher than that of AC in the same adsorption time. The pore width distribution of 3DG (Fig. 6b ) showed a wide distribution ranging from 2 to 60 nm which might be due to the randomly self-assembly process [13, 14] . And the wide pore size distribution allowed 3DG has higher adsorption abilty. 
Conclusions
In summary, we report an in-situ method to fabricate 3DG through the self-assembly solvent-thermal synthesis route without using any templates and additives. Due to the unique micro/nano-hierarchical morphology, the results show that 3DG has a strong potential to become a versatile, efficient, and safe absorber for hazardous organic liquids with applications in environmental protection and industrial production. This work provides a facile approach to control the synthesis of 3DG, and the processes to fabricate 3DG are facile, low-cost, and should be scalable to industrial levels.
